ABSTRACT Multiple-input multiple-output filter bank multicarrier with offset quadrature amplitude modulation (MIMO-FBMC/OQAM) system utilizes the multiple antennas technology, and it can provide more advantages than conventional FBMC/OQAM system. However, due to the inherent imaginary interference, the convention preamble-based channel estimation (CE) methods in MIMO-FBMC/OQAM systems cannot achieve high CE performance and mostly suffer from high peak to average power ratio (PAPR). Motivated by these problems, in this paper, we focus on the efficient preamble design for CE in MIMO-FBMC/OQAM systems. We propose an extended preamble structure which exploits the symmetry pattern to cancel interference and the interference weights in the symmetric structure is taken into account. Since the preamble length is extended, the additional interference effect from the middle of the preamble structure is also considered. The simulation results demonstrate that the proposed preamble method has low PAPR, better bit error ratio (BER), and better mean square error (MSE) performance compared to the conventional preamble methods.
I. INTRODUCTION
Over the past decades, multicarrier communication technique has been widely used in many communication systems. Cyclic prefix-orthogonal frequency division multiplexing (CP-OFDM) technique is certainly one of the most adopted multicarrier techniques in many wireless communication systems [1] , [2] . This is because of its immunity to multipath fading, simplicity of channel estimation and suitability for multiple input multiple output (MIMO) systems. However, it suffers from some inherent shortcomings, such as high out of band radiation, sensitivity to carrier frequency offset (CFO), and cyclic prefix (CP) overhead, and the insertion of CP will cause a loss in spectral efficiency.
As an alternative modulation scheme to CP-OFDM, filter bank multicarrier employing offset quadrature amplitude modulation without inserting CP, called FBMC/OQAM, can mitigate the drawbacks of CP-OFDM, and has drawn increasing attentions in recent years [3] - [6] . FBMC/OQAM utilizes time frequency localization (TFL) property pulse shaping [7] , [8] via an IFFT/FFT-based filter bank, and staggered OQAM symbols, i.e.. real symbols at twice the symbol rate of FBMC/QAM, are loaded on the subcarriers [9] . Despite the higher complexity compared to CP-OFDM, FBMC/OQAM can provide increased robustness against CFO, remarkably reduced out of band emissions, and better spectral containment in bandwidth sensitive applications [10] . However, unlike OFDM signals that transmit complex-valued symbols at a given symbol rate, FBMC/OQAM signals transmit real-valued symbols at twice this symbol rate. As FBMC/OQAM only holds the orthogonality in the real field, the received symbols are contaminated with pure imaginary interference resulting from neighboring subcarriers and symbols.
The inherent interference complicates signal processing tasks, such as channel estimation, and conventional channel estimation methods for CP-OFDM systems cannot be directly applied to FBMC/OQAM systems. The inherent interference becomes a source of problem in channel estimation and equalization processes, especially in MIMO-FBMC/OQAM systems.
In recent years, a number of preamble based channel estimation methods for single-input single-output (SISO) FBMC have been studied in literature [11] - [14] . Interference approximation method (IAM) has been first introduced in [11] . The method is capable of computing an approximation of the interference from neighboring symbols. Then, several variants of IAM have also been proposed, including IAM-R, IAM-I, IAM-C and E-IAM-C [12] - [14] . In the variants of IAM, R denotes real-valued pilots, I and C stand for imaginary and complex pilots, and E represents the extended IAM-C. All of these methods can be characterized as aiming at constructively exploiting interference to improve estimation performance. In contrast to the IAM approach, another approach, called interference cancellation method (ICM), was presented in [15] - [17] by designing the preamble structure to cancel or avoid the interference. By observing the interference mainly from the nearest subcarriers, a more effective preamble structure based ICM approach has been suggested in [16] . Inspired by IAM and ICM, Wang et al. [18] proposed an efficient preamble structure for channel estimation in FBMC/OQAM systems. The simulations demonstrate that the proposed preamble structure can obtain better performance than the two convention preamble approaches.
Perez-Neira et al. [19] provided an overview of MIMO signal processing in FBMC/OQAM systems. The conclusion is that FBMC/OQAM can benefit from the advantages and gains of incorporating MIMO processing, and the application of FBMC/OQAM to a MIMO context is becoming mature. It is noted that significant research attention on MIMO-FBMC/OQAM systems has been focused on how to repress the influence of multi-antenna interference for effective channel estimations in the presence of inherent imaginary interference [20] - [24] . In [20] , the IAM variants were considered and their MIMO extensions with their relative advantages and practical issues were investigated. The extended MIMO preamble is designed by simply selecting a corresponding Hadamard transform matrix. Kofidis [21] provided a closed-form estimate of the MIMO channels while making no assumption on its frequency selectivity and using a very short preamble for training. The preamble is optimized with respect to the channel estimation mean squared error. The extended IAM preambles can only achieve low channel estimation performance. Besides, an overhead reduced preamble based channel estimation methods for MIMO-FBMC/OQAM systems has been proposed in [22] and [23] by employing inherent interference cancellation at the transmitter side. The proposed preamble method can outperform than IAM methods. However, the channel estimation performance is still inferior to the ICM method.
Recently, an efficient novel training sequences channel estimation approach has been proposed in [24] . The authors proposed ''complex training sequence decomposition'' to facilitate the reconstruction of the complex-field orthogonality of MIMO-FBMC/OQAM signals. The channel estimation performance of the proposed method is comparable to that of the IAM-C method.
In this paper, we investigate the preamble based channel estimation for MIMO-FBMC/OQAM systems by exploiting the preamble symmetry pattern to cancel interference and taking into account the interference weights in the symmetric structure. The main contribution of this paper is that a novel efficient preamble structure for channel estimation in MIMO-FBMC/OQAM systems has been proposed. The proposed preamble structure exploits the symmetry pattern to obtain interference cancellation gain and jointly considers the interference weights to obtain a lower interference power. Furthermore, additional interference affecting the middle of preamble structure is also considered. Therefore, the channel estimation performance of the proposed preamble is less affected by interference. Compared to the conventional extended preamble based channel estimation methods, the proposed preamble can obtain better BER and MSE performance, as well as low PAPR.
The remainder of this paper is organized as follows. Section II presents the MIMO-FBMC system model and the conventional preamble based channel estimation methods. In Section III, an efficient preamble structure is proposed. Numerical simulations are presented in Section IV. Finally, Section V gives the concluding remarks.
II. MIMO-FBMC/OQAM SYSTEM
A. SYSTEM MODEL FBMC/OQAM systems are implemented by synthesis and analysis filter banks in transmitter and receiver side, respectively. The channel is assumed to be invariant in the duration of the preamble. At first, we give the SISO-FBMC/ OQAM system model. The transmitted signal in SISO-FBMC/OQAM systems can be written in the following form
where d m,n are real valued OQAM symbols, and g m,n (t) represents the synthesis basis which is obtained by the timefrequency translated version of the prototype function g(t) in the following way
with N being the even number of subcarriers, F 0 = 1/ T 0 = 1/2τ 0 the subcarrier spacing, and φ m,n an additional phase term. T 0 denotes the OFDM symbol duration, and τ 0 denotes the time offset between the real and imaginary parts of the OQAM symbols. The double subscript (.) m,n denotes the (m, n)-th frequency-time (FT) point, m is the subcarrier index and n is the OQAM symbol time index. The pulse g is designed so that the associated subcarrier functions g m,n are orthogonal in the real field, that is
We can find that even in the distortion-free channel and with perfect time and frequency synchronization, there still will be some purely imaginary inter-carrier interference at the output of analysis filter bank. Thus, we set interference weights
with g m,n g p,q a purely imaginary term for (m, n) = (p, q). After passing through the channel, the received signal with an additive noise can be written as
with
where h(t, τ ) is the channel impulse response. H m,n (t) is the complex response of the channel at instant t. We assume that we have a flat fading channel at each subcarrier, which means that the channel is constant during the duration of the prototype length, then H m,n (t) = H m,n . When the output is at the p-th subcarrier and q-th OQAM symbol, the output signal, in a noiseless case can be expressed as
A common definition is that only the first-order neighborhood 1,1 of a given FT point (p, q), the first order neighbors of the point (p, q). The weights of interfernce for the filter are γ = 0.5004, β = 0.3183, and δ = 0.2501 [18] . We can rewrite (7) as
With the increase of m and n, and g p,q p+m,q+n becomes very close to zero. Then, with noise taken into consideration, (8) can be rewritten as
where
is the virtual transimtted symbol at (p, q), with u p,q being the imaginary interference from the neigboring FT point. Assuming that the symbol on the receiver FT point (p, q) is a prior known preamble symbol, the preamble based channel estimation isĤ
Note that the larger the power of c p,q , the better the channel estimation will be. The above SISO-FBMC/OQAM signal formulation can be easily extended to the MIMO case. Consider an N t × N r MIMO-FBMC/OQAM system, as shown in Fig. 1 . The data is send to the antennas after serials to parallel conversion.
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and
is the MIMO channel frequency response matrix. c p,q = d p,q + ju p,q is the equivalent transmission symbol vector form of the MIMO-FBMC/OQAM system, with
B. PREAMBLE BASED CHANNEL ESTIMATION
For a N r × N t spatial multiplexing MIMO-FBMC/OQAM system, it is clear from (12) that one will need at least N t number of nonzero pilot symbols to estimate the channel frequency response matrix. Assume the channel is time invariant during a period of 2N t + 1 FBMC/OQAM symbols. For simplicity, let us consider a 2-by-2 antenna scenario. In SISO IAM-C case, the preamble length is taken equal to 3τ 0 , d p,q is located in the middle of the preamble. In MIMO case, one antenna can employ the same preamble used in the SISO case, but with a repetition, as shown in Fig. 2 . The other antenna employs the same preamble, but with 
where A is the orthogonal matrix
The pilot c p can be pre-calculated as in the SISO case. Hence, the estimate of the channel frequency response matrix at the subcarrier p can be expressed aŝ H p,2 = y p,2 y p, 4 1 From equation (16), we can see that noise enhancement is again controlled by the magnitude of the pseudo pilot c p . E-IAM-C preamble structure can also be extended into MIMO-FBMC/OQAM system to improve the channel estimation performance, and Fig. 3 shows the extension preamble structure. However, it should be noted that equation (14) relies on the assumption that inherent interference only contributed from the first order neighbors. In fact, there is nonnegligible interference to the FT point from (p ± 1, q ± 2) as well. Therefore, the pilot matrix in (14) only has nearly orthogonal rows. The accuracy of channel estimation is affected.
The preamble can be easily generalized to systems with more than two transmit antennas, with N t being a power of 2. For an N t × N r system, the preamble sequence of each antenna is composed of 3N t FBMC/OQAM symbols, and the number of symbols per column is the same as that of the system subcarriers. Three preamble symbols constitute a group of preamble symbols. The first and third preamble sequences of the preamble symbol are all 1, the second column preamble sequence is 1, and the -1 crossover sequence. The corresponding preamble structure is selected according to the number of transmit antennas. Simply select the corresponding Hadamard matrix A N t (e.
III. PROPOSED PREAMBLE STRUCTURE
As we have metioned previously, the preamble for MIMO case can be extended from its SISO case. The extension to MIMO system is straightforward. The length of the preamble in the MIMO case is about two times than it in the SISO case. Since the length of the preamble in MIMO system is extended, there exisits additional interference from the middle of the preamble structure.The conventional extended preamble structures suffer from complex interference effect. At first, we provide the extension version of our previous proposed preamble structure in SISO case from [18] , as shown in Fig. 4 . In antenna 1 and antenna 2, we can calculate the interference weights for the different symbols in frame. For the second and fifth symbols in antenna 1, when at an odd subcarrier and the middle pilot is 1, the preamble interference has magnitude |1 − j2(β + δ)| 2 . When the middle pilot is -1, the preamble interference has magnitude |1 − j2(δ − β)| 2 . When at an even subcarrier and the middle pilot is 1, the preamble interference has magnitude
When the middle pilot is -1, the preamble interference has magnitude |1 + j2β| 2 . In antenna 1, it can be seen that, in the third and the fourth symbols, there exists additional interference contributed from its respective neighborhood. In the third symbol, the preamble interference at the first subcarrier has magnitude 1 − j(2γ + β + 2δ); the interference at the second subcarrier has magnitude 1 + j2β; the interference at the third subcarrier has magnitude 1 + j2(δ − β − γ ); and the interference at the fourth subcarrier has magnitude 1 + j2(β + γ ). In the fourth symbol, the preamble interference at the first subcarrier has magnitude 1 + j(2γ + β); the preamble interference at the second subcarrier has magnitude 1 + j2(γ − β); the preamble interference at the third subcarrier has magnitude 1 + j2γ ; and the preamble interference at the fourth subcarrier has magnitude 1 + j2(β − γ ). With the same way, we can also calculate the interference magnitude of different subcarriers at the third and fourth symbols in antenna 2. For the third and fourth symbol interference effects, the extended NPS structure has partly greater interference weight in antenna 1 compared with the extended ICM method, but interference weight in antenna 2 is relatively low. When applying NPS to MIMO-FBMC/OQAM system, channel estimation performance will be affected by different interference distributions.
Based on the idea of maximum interference cancellation gain from all the subcarriers in the transmitter antennas, the larger interference power of c p,2 , c p,4 and the lower interference power of additional interference, we consider every four subcarrier to be modulated, and propose a novel preamble structure for MIMO-FBMC/OQAM system. We utilize symmetry pattern to cancel interference and jointly consider the additional interference in the middle of the preamble structure. The interference of the four positions with the greatest interference weights is eliminated, so that the optimal interference result can be obtained. At the same time, the maximum interference cancellation is also reflected in the middle of the preamble structure, and the influence of minimum interference weights is considered. Fig. 5 gives the proposed preamble structure. In antenna 1 and antenna 2, we can calculate the interference weights for the second and fifth symbols in frame. The preamble interference at an even subcarrier has the same magnitude with −1 + j4δ, and the preamble interference at an odd subcarrier has the same magnitude with 1 − j4δ. The additional interference from the third and fourth symbols can 44076 VOLUME 6, 2018 also be calculated. In antenna 1, the preamble interference in the third subcarrier at an even subcarrier has magnitude 1+j(2γ +4δ); the preamble interference at the first subcarrier has magnitude 1 + jβ; the preamble interference at the third subcarrier has magnitude 1. And the preamble interference in the fourth subcarrier at an even subcarrier has magnitude 1+j(4δ−2γ ); the preamble interference at the first subcarrier has magnitude with 1 + jβ; the preamble interference at the third subcarrier has magnitude 1. Similarly, the additional interference weights in antenna 2 can also be calculated. The preamble interference in the third subcarrier at an even subcarrier has magnitude 1; the preamble interference at the first subcarrier has magnitude 1 + j(2γ + 2δ + β); the preamble interference at the third subcarrier has magnitude 1 + j(2γ + 4δ). And the preamble interference in the fourth subcarrier at an even subcarrier has magnitude 1; the preamble interference at the first subcarrier has magnitude with 1 + j(2δ + β2γ ); the preamble interference at the third subcarrier has magnitude 1 + j(4δ − 2γ ). Table 2 and Table 3 show the comparison of the additional preamble interference power of [16] ICM, NPS and proposed method in antenna 1 and antenna 2, respectively. We can find that the interference from the third and fourth symbols in the proposed method is partly less than NPS and ICM methods. Moreover, compared with other two preamble structures, the proposed structure is less affected by the fourth symbol interference in the two antennas, especially in antenna 2. This means that the proposed structure has smaller additional interference effects.
IV. SIMULATION RESULTS
In this section, different preamble-based channel estimators for a MIMO-FBMC/OQAM system are simulated and compared. The PAPR, BER and MSE performance of the preamble schemes (IAM, ICM and NPS) versus the proposed scheme are discussed. In the simulations, the channel estimation performance is also evaluated with different parameters, including the prototype filter, the number of subcarriers, and the number of transmit/receive antennas.
is plotted with respect to the signal to noise ratio (SNR). The simulation channel models are 4-tap pedestrian A (PA) and 7-tap extended pedestrian A (EPA) channels with low spatial correlations. We take modulation as 4QAM. The number of subcarrier is N = 256. The square root raised cosine (SRRC) filter is adopted in FBMC/OQAM system, the roll off factor of the filter equals to one, and the length of filter is 4T 0 . ZF equalizer is used. Table 4 shows the channel profiles of the two channels with 10 MHz sampling frequency.
A. PAPR COMPARISON
For fair comparison, the transmission power is kept equal for all preamble methods. Fig. 6 shows the comparison between the conventional preambles and the proposed preamble. The plots show the squared magnitude of the modulated preambles at the second antenna. Table 5 shows the values of PAPR for the six preambles. It is obvious that ICM in [17] has the best PAPR performance in the six preambles, and NPS provides the worst PAPR of 188.41 dB. It should be noted that the proposed preamble has approximately the same PAPR value as [16] ICM. The PAPR of the proposed preamble can be acceptable.
B. CHANNEL ESTIMATION PERFORMANCE
At first, we evaluate the proposed structure with different prototype filters, including square root raised cosine (SRRC) filter, extend Gaussian function (EGF) filter and isotropic orthogonal transform algorithm (IOTA) filter. Fig. 7 shows the BER performance of the proposed method with three different prototype filters for 2 × 2 MIMO-FBMC/OQAM systems. As shown in Fig. 7 , the FBMC/OQAM system by utilizing EGF filter has the worst BER performance, and the system by utilizing SRRC and IOTA filters can obtain similar BER performance. SRRC filter can provide better BER performance than IOTA in higher SNRs. In the following simulations, SRRC filter is adopted in FBMC/ OQAM systems.
Then, Fig. 8 and Fig. 9 show the BER and MSE performance of the proposed preamble and conventional preambles under PA channel for 2 × 2 MIMO-FBMC/OQAM systems, respectively. It can be seen that, in both the BER and MSE cases, the proposed preamble method outperforms the other preamble schemes over the entire SNR range considered. The performance of the six preamble methods degrades in higher SNRs. Reference [16] ICM can provide better performance than the [17] ICM. This is consistent with the simulation result in SISO systems [18] . We can also find that NPS can only provide better BER and MSE performance than [16] ICM in the SNR range of 0-7. At the higher SNRs, there is an error floor for NPS. The NPS method in MIMO systems cannot provide the same superior performance as it in SISO systems. This is because of the fact that only part of the additional interference power in NPS is less than [16] ICM method. Table 2 and Table 3 show the detailed additional interference power of the three methods. For NPS, the additional interference from the fourth symbol in antenna 1 is more than [16] ICM method.
In Fig. 8 , [16] ICM, NPS and proposed preamble method gradually reach an error floor. This phenomenon is due to domination of errors from inter-symbol interference and VOLUME 6, 2018 interference cancellation residual. It can be seen from Fig. 9 , compared with the conventional five preamble methods, the channel estimation MSE performance is effectively improved by the proposed method. This is due to the utilization of symmetry pattern to cancel interference and consideration of the additional interference effect in the middle of the preamble structure. Most of interference power from the third and the fourth symbols are reduced with the proposed method. Therefore, the proposed method can provide a significant improvement MSE performance. Fig. 11 depict the BER and MSE performance of the preambles for 2 × 2 MIMO-FBMC/OQAM systems in the Extended PA channel scenario, which has more multipath than PA scenario as shown in Table 4 . Results show an improved performance of the proposed method compared to the other five methods, for both BER and MSE measurements.
Increasing the number of delay paths to 7, it can be observed from Fig. 10 that the entire BER performance is worse than that shown in Fig. 8 . Evidently, the six preamble methods have better channel estimation performance in less multipath PA scenario. NPS still only provide better BER and MSE performance than [16] ICM in the lower SNRs. The proposed method can provide slightly better BER performance than NPS and [16] ICM methods.
From Fig. 11 , the proposed method can provide a best MSE performance in the six methods. We can find that the MSE performance gains of the proposed method compared to the other methods are evidently more than that shown in Fig. 9 . However, with the increasing of multipath, the MSE error floor effect is more obvious. The degradation on the proposed method is more significant in EPA channel scenario. . 12 shows the MSE performance of the proposed channel estimation method with different number of subcarriers and antennas. PA channel is adopted in the simulation. The proposed method exhibits MSE floor at high SNR region for the six curves. This is due to domination of errors from inter-symbol interference and interference cancellation residual. The curve for {N t × N r = 2 × 2, N = 256} can provide the best MSE performance in the six curves. It can be found that increasing the number of antennas and subcarriers degrades the MSE performance. However, it should be also noted that increasing the number of antennas will make the pilot sequence longer, which will reduce the system spectrum efficiency.
From the simulation results, it can be verified that the proposed method provides performance improvement in the two channel scenarios considered. The simulation results are consistent with the data analysis in Table 2 and Table 3 . When under a fewer delay paths channel, the superiority is reflected more obviously.
V. CONCLUSIONS
In this paper, we have proposed a novel preamble structure for channel estimation in MIMO-FBMC/OQAM systems. The conventional extended preamble schemes (IAM, ICM and NPS) are reviewed. The proposed method is compared with other five preamble schemes under the PA and EPA channels.
Simulation results demonstrate that the proposed method can achieve better BER and MSE performance than conventional preamble methods. It has been verified that our proposed preamble method is an efficient channel estimation scheme for MIMO-FBMC/OQAM systems. 
